Introduction
The ability to focus on specific aspects of the environment and to decide strategically among different movement options is a substantial cognitive accomplishment. Spatial attention determines thereby which sensory stimuli enter our consciousness, in which direction we orient our eyes, and how we move our bodies in space. In the last two decades, research on the neural bases of normal and disturbed spatial processing has made great progress, especially by the employment of noninvasive imaging techniques such as functional MRI (fMRI, see Appendix 1). While fMRI studies have contributed much to the understanding of the functional components of spatial cognition, the most detailed knowledge comes from electrophysiological recordings of individual neurons in nonhuman primates, while they are performing visual attention and motor tasks. The brain structures that are activated during spatial tasks in both humans and monkeys include the frontal cortex (e.g., the frontal eye field (FEF) and dorsolateral prefrontal cortex (DLPFC)), the temporal lobes (gyrus temporalis superior), the posterior parietal cortex as well as a variety of subcortical structures that are anatomically connected to these cortical areas (superior colliculus (SC), putamen, caudate nucleus, and thalamic pulvinar). These structures form a distributed network of specialized areas and, although not completely understood, numerous functional homologies between humans and monkeys have been identified [2, 3] .
While correlative approaches in healthy subjects allow important insights into the workings of the entire network, they do not allow the determination of which areas are really necessary for a particular function. Lesion studies, therefore, present an important addition and provide information on the necessity of individual structures for specific spatial functions. In classical lesion studies, the effect of structural lesions is correlated with behavioral deficits, with the introduction of modern MRI methods steadily improving the capability to localize injuries in gray matter and in axonal connections.
The effects of structural lesions can be studied in humans, for example, after the occurrence of strokes, while in monkeys defined lesions can be induced under controlled experimental conditions. An alternative to structural lesion studies are reversible lesion approaches in which the activity of specific brain regions can be temporarily disabled. In humans, noninvasive transcranial magnetic stimulation is typically used (TMS, see Appendix 3), whereas in monkeys invasive and anatomically more precise approaches, e.g., pharmacological inactivation of brain structures are also employed.
Spatial neglect syndrome
Lesions in areas that are activated in the healthy brains during spatial tasks usually also lead to corresponding behavioral deficits. The spatial neglect syndrome is the most frequently occurring form, especially when the right half of the brain is affected. Patients with neglect behave as if half of the body or space opposite to the lesion (contralesional) has largely ceased to exist. In this condition, the contralesional space is only insufficiently explored by means of head and gaze movements, and sensory information on this side is only processed to a limited extent (. Fig. 1 ). The disorder often affects several sensory modalities simultaneously, and the patients ignore visual, auditory, and tactile stimuli on the contralesional side. For patients, the occurrence of neglect means a serious impairment in everyday life as they collide with objects, leave out words when reading or writing, and do not use the affected body half correctly. These deficits cannot be explained by disturbances of primary sensory or motor processing (e.g., visual field deficits, hemiplegia).
In this context, it should be noted that neglect is a collective term for a number of symptoms, with a substantial variety of severity and manifestations. Instead of fully developed neglect, many patients demonstrate a disregard of contralesional stimuli only when these occur simultaneously with an ipsilesional stimulus. Whether this phenomenon, called spatial extinction, is a less severe form of neglect or represents a separate type of disorder is still being discussed, especially because the underlying lesion locations can vary [10, 14, 15] . e-Neuroforum 1 · 2012 |
Neglect models
In order to explain the diverse neglect symptoms, different models have been proposed. These can be roughly divided into attentional, representational, and transformational theories. Whereas attentional theories assume that neglect is based on a pathological shift of attention towards the ipsilesional space, representational theories emphasize that the internal or mental representation of the contralesional space is also impaired. Transformational theories view neglect as a failure to transform multisensory inputs into motor commands within different frames of reference, e.g., retinal coordinates into hand-, body-, or world-centered coordinates and suggest a subjective rotation of spatial coordinates toward the ipsilesional space. Attentional theories assume an exaggeration of attentional engagement towards stimuli in the ipsilesional hemispace due to a lesion-induced interhemispheric imbalance [5] . In this framework, the two opposing hemispheres establish a dynamic balance in the normal state, and a lesion in one hemisphere results in hemineglect because the opposite hemisphere becomes hyper-excitable due to reduced inhibition from the lesioned hemisphere.
Using systematic fMRI studies in neglect patients and healthy subjects, it has been possible to expand and anatomically specify the hemispheric imbalance theory. In the literature, the assumption of two distinct attention networks, one dorsal and one ventral, has emerged [1] . Accordingly, the bilaterally organized dorsal attention network (DAN) comprises the frontal eye fields and areas in the intraparietal sulcus (IPS), whereas the ventral network (VAN) is made up of the inferior and middle parts of the frontal and temporoparietal cortex predominantly in the right hemisphere. fMRI studies showed that the DAN is specialized in focusing attention and controlling eye movements, whereas the VAN enables attentional reorienting to focus on new, relevant stimuli. In the new formulation of the model, neglect develops from a combination of a lesion-dependent hemispheric imbalance between the DAN regions (directly or indirectly by lesions in the VAN) and the disturbance of orienting to stimuli beyond the focus of attention caused by lesions in the VAN (. Fig. 2 ).
Animal models of spatial neglect
For the development of effective diagnostic and therapeutic approaches, a fundamental understanding of the damaged neural network components, their specific functions, and interactions is necessary. This often proves difficult in neurological patients, because the size and location of the lesions vary among patients. Especially in the acute stage after a stroke, patients often are not able to concentrate on cognitive tasks for an extended period of time. In addition, often already in the first few weeks after brain damage, reorganization processes as well as behavioral compensation occur, which makes the differentiation between brain activities that underlie and in neglect patients (right). In healthy probands, the areas in the DAN form a dynamic balance. In humans, the VAN is dominant in the right hemisphere. A right hemispheric lesion caused hypoactivity of the right parietal cortex and a simultaneous hyperactivity of the left parietal cortex. This hemispheric imbalance can be caused by either direct or indirect injury (e.g., of the VAN). Adapted and expanded from [41] normal versus impaired function difficult. Therefore, experimental models are indispensable for testing specific hypotheses.
For experimental neglect research, primate as well as cat and rat models have been developed. Because of their ability to solve complex cognitive tasks and having brains with the closest homology to that of humans, primarily nonhuman primates are used in neglect research. Primate studies will, therefore, be discussed in more detail in the following. The questions that can be better investigated in primate models than in neglect patients include the functional specificity and interaction of the individual network components in areas down to individual neurons.
Structural lesion studies in nonhuman primates
Neglect symptoms such as an ipsilesional orienting and attentional bias have been described in monkeys as a consequence of a variety of lesions in cortical and subcortical structures. Neglect is typically defined as a tendency to spontaneously orient the eyes and body toward the ipsilesional space and to preferentially look for food on the ipsilesional side, and as a disturbance in the detection of contralesional stimuli.
The first structural lesion experiments in nonhuman primates were, therefore, primarily focused on the functional dissociation of areas that are in human neglect patients often simultaneously impaired. It is known from electrophysiological recordings in monkeys that the inferior parietal cortex comprises diverse subregions whose activity is correlated with spatial attention, visuomotor integration and the planning of eye movements (. Fig. 3 , Appendix 2, [11] ).
Lynch and McLaren [25] systematically compared the behavioral effects of lesions in the inferior parietal cortex and parietooccipital cortex. Neglect was measured by the ability of the monkeys to follow a point with their eyes that moved from the middle quickly to the left or right. These experiments showed that neither lesions of the inferior parietal cortex nor parietooccipital cortex caused neglect for unilaterally presented stimuli. However, an extinction of contralesional stimuli occurred when stimuli were shown simultaneously in both visual fields, combined with an increase of saccade latencies for contralesional stimuli. Lynch and McLaren concluded from these observations that in monkeys the parietal and parietooccipital cortex is more important for the initiation and control of saccadic eye movements and less for focusing attention. A similar result was reported in a study by Watson et al. [26] . In this study, after lesions in the inferior parietal cortex, monkeys indeed showed disturbances of targeted arm and hands movements, but no symptoms of neglect. The absence of neglect in monkeys with lesions in the inferior parietal cortex is surprising as this region seems to be critical for the development of neglect in humans [18] .
In contrast, neglect is observed in monkeys when parts of the superior temporal sulcus (STS) are impaired. Electrophysiological studies showed that the STS is comprised of a series of areas whose neuronal activity is correlated with visual attention, multimodal integration, and eye movement control. Especially the temporoparietooccipital area (TPO) in the upper bank of the STS contains neurons that react to stimuli in numerous sensory modalities and are involved in the planning of eye movements.
These and similar observations have led to discussions about the anatomical and functional homologies of the inferior parietal cortex in monkeys and humans, and to the hypothesis the STS in monkeys represents the functional homologue to the inferior parietal cortex in humans [16] . Based on this debate, Karnath et al. [4] revisited neglect-associated lesions in humans and found that in humans the critical location of lesions also lies in the temporal lobes, and not as previously believed in the inferior parietal cortex.
In general, concerning the severity as well as duration, it can be concluded that neglect symptoms in monkeys are milder than in human patients. A further difference is that neglect symptoms in humans occur primarily after lesions in the right hemisphere, whereas in monkeys this form of lateralization of spatial functions is not observed. The interpretation of structural lesions in monkeys is similarly problematic as in patients: unintentional damage of neural connections and reorganization processes. Thus, reversible lesion methods present an important addition by which the neurons, but not their connections, can be inactivated.
Reversible lesion studies in nonhuman primates
The lateral bank of the intraparietal sulcus (LIP) is the most extensively investigated neglect-related area in monkeys. LIP receives anatomical input from extrastriate Abstract Spatial neglect is a debilitating neuropsychological disorder that is characterized by an impaired or lost ability to explore the space contralateral to the lesion and to react to stimuli presented on this side. Lesion sites that have been implicated in spatial neglect form a widely distributed network consisting of a number of cortical (i.e., frontoparietal) and subcortical (i.e., thalamic) areas that are activated during attention and visuomotor tasks in healthy individuals. While detailed understanding of the brain circuits and mechanisms involved in spatial neglect is a prerequisite for the development of effective therapies, this has proven to be difficult in human patients because of the size and variability of lesion sites. Therefore, experimental models where predefined brain regions can be systematically inactivated are of great advantage. Neglect models have been developed in nonhuman primates in whom it is possible to pharmacologically inactivate small brain regions and in humans by means of noninvasive stimulation/inactivation methods such as transcranial magnetic stimulation. In this article, we discuss theories about the mechanisms of spatial neglect such as the hemispheric imbalance model and the supporting experimental evidence, with an emphasis on imaging experiments that have explored the effects of lesions on dynamic brain activity.
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Spatial neglect · Pulvinar · Eye movements · Visual awareness · Attention visual areas and is reciprocally connected to the FEF, TPO, the middle layers of the SC and various thalamic nuclei, like the dorsal pulvinar. Neurons in the LIP respond to visual stimuli in their receptive field. These spatially specific visual responses are modulated by the direction of a planned eye movement as well as attentional and motivational factors.
Wardak et al. [27] inactivated neurons in the LIP in monkeys using local injections of the GABA-A agonist muscimol, and evaluated the effects on attentional and oculomotor behavior. After inactivation the monkeys needed more time to find contralesional stimuli in a complex search task. While LIP inactivation did not influence saccadic eye movements for single presented target stimuli, the monkeys almost exclusively performed ipsilesional saccades when two stimuli in opposite hemifields were presented. Similar ipsilesional decision biases were found after LIP inactivation when monkeys were instructed to recall the saccade positions from their memo ry (. Fig. 4, [6] ). Taken together, these deficits suggest that LIP plays an important role in the visual selection of eye movement targets.
In contrast to LIP, inactivation experiments of the FEF revealed clear deficits in the performance of saccadic eye movements even to individually presented stimuli. Positional inaccuracies of contralesional saccades and an increase of saccade latencies were found. Interestingly, a later study reported that FEF inactivation also evoked deficits in a visual search task when no eye movements were required [24] . From this, it can be concluded that the FEF is significant for occulomotoric behavior, but also contributes to attentional processes.
A similar tendency to select ipsilesional objects when two stimuli were shown in opposite hemifields was found after inactivation of the ventral premotor cortex (PMv). Neurons in this area respond to tactile stimulation of the upper extremities as well as to moving visual objects within arm's reach. Unilateral inactivation of PMv was accordingly associated with a tendency to orient hand and grasping movements in the ipsilesional space without a primary motor deficit ("motor extinction") [20] .
Neglect symptoms were also reported after reversible lesions in subcortical structures such as the dorsal pulvinar. Neurons in the pulvinar respond to visual stimuli and are modulated by visual attention as well as the degree of awareness [7, 9] . Furthermore, it has been shown that pulvinar neurons change their firing rate during and after saccadic eye movements [19] . Unilateral pulvinar inactivation leads to problems in attentional reorienting into the contralesional hemifield and to deficits in the discrimination of visual stimuli [28, 29] . We explored the question whether pulvinar inactivation influences the planning and performing of eye and arm movements [8] . Monkeys had to perform movements either to individually shown stimuli or could decide among stimuli in opposite hemifields (. Fig. 4a ). Although monkeys were still able to perform eye and hand movements in all directions after inactivation, the precision was worse in the contralesional space. With both eye and arm movements, the monkeys showed a pronounced tendency to choose ipsilesionally located objects (. Fig. 2c ). Also the contralesional hand was no longer spontaneously used for grasping objects. In conclusion, dorsal pulvinar lesions cause perceptual as well as motor neglect symptoms. Since the behavioral effects of pulvinar inactivation are similar to the above-described consequences of lesions in the temporoparietal and frontal areas, the results were interpreted as secondary cortical dysfunctions. This seems plausible because the dorsal part of the pulvinar is reciprocally connected with these cortical networks (Appendix 2). Hence, the pulvinar lies in a strategic position to modulate activity within and between cortical areas.
In order to understand which changes in brain activity underlie neglect of contralesional space, in the next step we inactivated parts of the dorsolateral pulvinar and simultaneously measured fMRI responses while the monkeys carried out the above-described saccadic tasks (. Fig. 5a , Appendix 1). For this, we used an "eventrelated" design to be able to discriminate between BOLD changes in different task periods (e.g., fixation, cues, saccades). In control experiments without inactivation, the presentation of individual saccade cues and the following memory period led to activation of the FEF, various areas in the IPS (e.g., LIP) and the dorsal STS (e.g., MST, TPO) (. Fig. 5b ). After inactivation of the right pulvinar, we found activity changes in anatomically connected cortical areas. In the cortical areas on the side of the injection, we found a reduction of BOLD activities in temporoparietal areas, above all in LIP, MST, and TPO (. Fig. 5b ). This reduction was especially pronounced for stimuli that were shown on the contralesional side. At the same time, it was also found that stimuli in the ipsilesional hemifield now evoked more activity, especially in the intact left hemisphere. This activity pattern is in principle consistent with the hemispheric imbalance theory of neglect [5] . However, separate evaluation of the activities for the cues presented on the right versus left hemifield also showed that the activity increase in the intact hemisphere does not represent a general phenomenon, but is rather specific for ipsilesional stimuli.
Thus, it can be concluded that the dorsal pulvinar plays an important role in the processing of spatial information and in action planning, and that pulvinar lesions have anatomical-and visual field-specific effects on cortical networks. Since BOLD and cellular activity can be dissociated [17] and because of the limited temporal and spatial resolution of fMRI (Appendix 1), future electrophysiological studies in monkeys must clarify whether pulvinar lesions affect the neuronal response properties in connected cortical areas. A modulation of response amplitudes, receptive field properties or the synchronization between cortical neurons is conceivable. The discussed experiments in nonhuman primates primarily support the theory of hemispheric imbalance but the results showed also differences in activities evoked by contralesional versus ipsilesional stimuli. To the best of our knowledge, experiments specifically testing the neurobiological basis of the transformational theory are lacking.
Neglect in humans: attentional network disturbances
Spatial neglect occurs in humans after damage of various brain structures. Whereas the lesion locations that are critical for neglect are still being discussed, there is broad consensus that neglect occurs as a result of lesions of the parietal cortex, especially the inferior parietal cortex (IPL) [18] , and the superior temporal cortex (STG) [4] . Neglect symptoms have also been reported after lesions of the gyrus frontalis inferior (IFG) [30] and the insula. Apart from damage in cortical areas, neglect also occurs after lesions in subcortical structures, for example after damage of the basal ganglia and the pulvinar [14] . Although neglect in the acute stage occurs after left as well as right hemispheric lesions, in humans it is typically more serious and persistent after right hemisphere lesions. In addition to specific lesions, especially recent studies emphasize the significance of the functional integrity of these cortical and subcortical Monkeys were required to fixate on a point presented in the middle of the screen. Subsequently, two cues were presented at random positions in the opposite hemifield. After the cues had disappeared, monkeys had to hold these positions in memory and after a delay of 5 s perform a saccade to the remembered location. They could choose between the two positions and received the same reward for a correct saccade in the left or right hemifield. b LIP inactivation position (upper) and decision behavior (lower). The injection position was made visible in the MRI with the paramagnetic substance gadolinium, which we injected together with the GABA-A agonist muscimol (white contrast). Muscimol inactivated the cells in the injection area up to several hours. As can be seen in the bar graph below, LIP inactivation resulted in a reduction of contralesional decisions. Adapted from [6] . c Dorsal pulvinar inactivation position (upper) and decision behavior (lower). In control experiments monkeys showed a decision preference in the direction of the (later) contralesional hemifield. After inactivation with the GA-BA-A agonist THIP, there was a pronounced reduction of the contralesional saccadic decisions. r reticular thalamic nucleus, PI inferior pulvinar, PL lateral pulvinar, PM medial pulvinar networks comprised of individual areas. Among other factors supporting the network character of neglect is the fact that neglect patients often exhibit lesions in white matter tracts [23] and that electrical stimulation of axons between the parietal and frontal regions evokes an ipsilesional bias in the line bisection task used for neglect diagnostics [22] .
fMRI studies in neglect patients have shown that acute neglect is associated with functional deactivation in structurally intact but anatomically connected areas: in a visual attention task neglect patients with lesions in the right temporoparietal cortex showed in the acute phase a functional deactivation of structurally intact frontoparietal areas within the injured hemisphere [12] . At the same time, robust BOLD activity was found in corresponding areas in the intact hemisphere. In the course of recovery the right dorsal parietal cortex appeared to be reactivated, and activity in the left dorsal parietal cortex decreased in comparison to the acute phase. These results were interpreted as consistent with Kinsbourne's theory of hemispheric imbalance.
The study by He et al. [31] yielded further evidence for the role of frontoparietal networks. Here the functional connectivity (see Appendix 1) in the ventral (VAN) and dorsal attention network (DAN) was examined (. Fig. 2 ). As already mentioned, the DAN specializes in focusing attention and sensorimotor integration, whereas the VAN allows reorientation of the attentional focus towards new, relevant stimuli. Neglect patients with lesions in the VAN showed reduced functional connectivity between structurally intact areas of the DAN, more precisely between the left and right posterior parietal cortex. Therefore, a strong connectivity reduction was associated with serious neglect symptoms. In contrast, direct injury of the parietal area with a structurally intact VAN did not result in serious neglect symptoms [31] . In conclusion, in these cases an injury of the VAN and the resulting functional impairments of the DAN seem to be causal for neglect [13] .
Reversible neglect studies in humans
In the following, some studies are presented in which noninvasive brain stimulation (TMS, tDCS: see Appendix 3) evoked neglect symptoms in healthy subjects. We have selected studies in which, by interfering with activity in cortical areas, different aspects of the hemispheric/attention imbalance model were investigated [5] . 
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In a seminal study the effects of short series of TMS pulses on different cortical areas on the detection of visual stimuli presented to the left, right or bilaterally were examined [32] . These experiments showed that TMS over the parietal cortex induced extinction of contralesional stimuli under bilateral presentation conditions. An increased number of errors also with individually presented stimuli, which is typical for neglect, could not be obtained with parietal stimulation in this study, but was demonstrated with occipital stimulation. However, the authors did not interpret this as neglect, but as an impairment of the visual cortex ("sensory detection block"). In contrast to the results in patients (but similar to the abovedescribed parietal lesion experiments in monkeys), no complete neglect could be induced by parietal TMS. Interestingly, no dominance of the right hemisphere for these tasks could be determined.
In a follow-up study, Hilgetag et al. [33] could furthermore demonstrate that inhibitory stimulation over the right parietal cortex not only affected the detection of peripheral stimuli in the left hemifield, but also improved the performance for stimuli in the right hemifield. This paradoxical improvement of behavioral performance after an inhibitory rTMS protocol correlates well with Kinsbourne's model [5] , in which an inhibition of the right parietal cortex leads to reduced inhibition of the left parietal cortex, becoming in turn hyperexcitable.
In a further study the effects of simultaneous bilateral TMS were also examined, which however resulted in no deterioration of the detection performance [34] . This result can be interpreted as an indication that an activity imbalance between the two parietal cortexes is critical for extinction.
Using TMS, Koch et al. [35] tried to prove the hyperexcitability of the left hemisphere in neglect patients postulated by Kinsbourne. To this end, they used an experimental setup with two TMS coils. A conditioning TMS pulse over the parietal cortex of the healthy hemisphere increased the muscle response to a test pulse over the primary motor cortex on the same side. This increase was more pronounced in neglect patients than in patients with right hemispheric strokes but without neglect. Moreover left parietal inhibitory rTMS normalized the hyperexcitability of neglect patients and simultaneously improved performance in the contralesional hemifield.
Recently, it was shown that, using transcranial direct current stimulation over the parietal cortex, it was possible to influence spatial attention [21] . In this study, it was reported that inhibitory cathodal stimulation disrupted the detection of contralateral stimuli, whereas excitatory anodal stimulation improved the detection of contralateral stimuli. In addition, neglect symptoms in patients performing a line-bisection task could be improved by cathodal inhibition of the healthy hemisphere as well as anodal excitation of the contralateral hemisphere.
Building on these previous studies, we combined anodal tDCS and fMRI initially in healthy subjects to test the effect of parietal stimulation on the functional connectivity in ventral and dorsal attention networks. We focused on measurements of the brain's resting state as this requires only a minimum of cooperation and, therefore, is especially appropriate for examination of relatively seriously affected patients in the acute stage. Our experiments showed that anodal tDCS over the right parietal cortex caused a reduction of functional connectivity within the ventral , there is reduced connectivity (green) within the DAN, but increased connectivity (yellow) between the DAN and VAN after tDCS. c Comparison of the connectivity maps before and 10 min after anodal tDCS over the right IPS (bolt). Starting from seed regions of the VAN (red circle), there is reduced connectivity (green) within the VAN, but increased connectivity (yellow) between the VAN and DAN after tDCS and dorsal networks, while the connectivity between the two networks increased (. Fig. 6 ). To what extent these tDCS-induced connectivity changes are behaviorally relevant needs to be clarified in further studies.
Open questions and outlook
Research on the neuronal basis of normal and impaired spatial attention and behavior has made great progress in recent decades. However, many questions have still not been answered. For example, it is still not known to what extent lesions in areas whose activities correlate primarily with the planning of eye or arm movements also evoke effector-specific neglect symptoms. In monkey models, for example, it can be tested whether selective lesions in area LIP lead to an ipsilesional eye movement bias and lesions in the adjacent MIP/ PRR region to an arm movement bias, but not the other way around. Furthermore, the question of homology between humans and monkeys in respect to the dorsal and ventral attention networks has not yet been completely clarified. Comparative fMRI studies, which can be carried out in humans as well as in monkeys, could substantially contribute to answering these questions. However, humans and monkeys need to be systematically tested with similar and refined cognitive tasks. Another unanswered question is to what extent spatial attention and perception deficits can be dissociated from movement-related deficits. Since especially the majority of animal studies have employed tasks that combined visual detection with directed movements, this question cannot be unequivocally answered from the literature. Experiments are needed in which perception and motor responses are dissociated, e.g., in which the presence of an object is indicated by a movement in the opposite hemifield or with a button press with the ipsilesional hand. A major challenge for the next few years will be to understand the functional implications of neglect-associated lesions on neuronal activity in connected network nodes and to develop a truly neurobiological model of neglect. Although existing neglect theories make assumptions about underlying neuronal activity changes, these are based on activity changes in whole brain areas and not on cell populations. Although fMRI studies exist that measure lesion effects on distant, connected network components, the underlying cellular mechanisms are insufficiently understood. It is, for example, unclear whether a change in the BOLD amplitudes is caused by a change in the number and/or properties of recruited neurons, the neuronal firing rate or synchronization between them. A combination of reversible inactivation, fMRI, and electrophysiological studies in monkeys could shed light on this issue. fMRI, thus, allows via the neurovascular coupling to indirectly conclude about underlying brain activity changes.
fMRI can be carried out with different tasks (paradigms). fMRI can also be used to capture "resting state" activity of the brain and, in combination with functional connectivity analysis, to identify regions that belong to different cortical and subcortical networks. During data analysis, BOLD signal fluctuations in individual brain regions are compared and high correlations between them are interpreted as a sign of belonging to the same network. An often-used analysis approach is for example the "seed region" analysis; initially a BOLD signal time course of a region is extracted, which is then correlated with the time courses of other regions. By means of this functional connectivity analysis, different sensorimotor networks as well as networks underlying higher cognitive functions, for example the dorsal and ventral attention networks, can be identified.
Appendix 2: Anatomy and function of the frontoparietal and subcortical network in monkeys (. Fig. 3 )
Parietal cortex
In humans as well as in monkeys the intraparietal sulcus divides the superior and inferior parietal cortex. In monkeys, area 7 is part of the inferior parietal lobe; it contains neurons that react to visual stimuli and are modulated by eye movements and attention demands. Neurons located deeper in the medial bank of the intraparietal suclus (IPS (MIP/PRR)) fire especially when the monkey plans or performs targeted arm movements, whereas neurons in the lateral bank (LIP) specialize in eye movements. The anterior part of the IPS (AIP) participates in the preparation for grasping movements, and neurons in the fundus (VIP) integrate visual and vestibular signals. More areas whose neuronal activity is correlated with visual attention, multimodal integration, and controlling eye movements are located in the superior temporal sulcus (STS). Especially the superior temporal polysensory area (STP) located on the upper bank of the STS, including the temporoparietooccipital area (TPO), contains neurons that react to stimuli in many sensory modalities and is involved in the planning of eye movements.
Frontal cortex
From single cell recordings in monkeys, we know that the frontal cortex also contains a multitude of effector-specific subregions. Visual-and eye movement-related activity is found in the frontal and supplementary eye fields (FEF and SEF) and in the principal sulcus. In addition, neurons in the ventral and dorsal premotor cortex are modulated by attentional factors and respond to stimuli in various modalities, if those indicate a potential target for a subsequent action.
Pulvinar
The parietal as well as the frontal cortex is anatomically connected to a variety of subcortical structures that are important for the attentional guidance of eye and hand movements as well as for multimodal integration. The pulvinar is one of these subcortical structures. The pulvinar is a thalamic nuclear complex that is reciprocally connected to numerous cortical areas that are concerned with processing visual and visuomotor information. The pulvinar can be roughly divided into a ventral and a dorsal part. The ventral part has reciprocal connections to many visual areas and receives input from the upper layers of the superior colliculus (SC). The dorsal part of the pulvinar is connected to cortical areas that are involved in visual-spatial attention and eye movement functions, e.g., the FEF, the parietal LIP and areas in the STS, such as the MT/MST and TPO. Many of the neurons in the ventral and dorsal parts respond to visual stimuli and are modulated by attention as well as the degree of conscious perception [7, 9] . Furthermore, it has been shown that pulvinar neurons change their firing rates during and after saccadic eye movements.
Appendix 3: Noninvasive brain stimulation
Direct invasive brain stimulation to prove causal relationships is only possible in exceptional cases in humans (e.g., intraoperatively during planned brain surgery). In the last few decades different approaches have been established that allow brain activity to be influenced through an intact skull.
In neuroscientific research above all transcranial magnetic stimulation (TMS) has gained acceptance. TMS [36] works on the principle of electromagnetic induction. A strong electrical current flows for a short time through a stimulation coil held tangentially over the cranial bone. By the changes in the magnetic field, an electric field is induced in conductive tissue that can cause a depolarization and an action potential in a suitably oriented axon (see [37, 38, 39] ).
In cognitive neuroscience, the crucial ability of TMS is to temporarily impair cortical function and, thereby, to cause a functional lesion ("virtual lesion"). During task performance, individual TMS pulses or short series of pulses are applied over a defined area of the cortex (online TMS). If this leads to an impairment of behavioral performance (e.g., increased error rates or longer reaction times), it is assumed that the relevant cortical area is crucial for the investigated function.
As the temporal resolution of TMS is excellent (for a single pulse approximately a hundredth of a second), virtual lesions can be used to determine the exact time point at which a cortical area is involved in the performance of a task (mental chronometry). On the other hand, the spatial properties of TMS are less favorable for neuroscience: because of the weakening of the magnetic field with increasing distance from the coil, deep brain structures (e.g., the thalamus or basal ganglia) cannot be reached by TMS. Thus, the primary target of TMS is the cortex (penetration depth ca. 1-3 cm). The achievable spatial resolution for focal figure-of-eight coils is in the range of a few square centimeters.
With repetitive TMS (rTMS) neuronal and behavioral effects can be achieved that last longer than the end of the stimu-lation. This property of rTMS can be used for offline TMS experiments.
Transcranial direct current stimulation (tDCS) with surface electrodes and comparatively low currents of around 1 mA has been developed in the last decade as a further approach to noninvasively influence brain function (see [40] ). Direct current stimulation leads to polarity-dependent changes in the cortical excitability: anodal tDCS increases while cathodal tDCS decreases cortical excitability. Unlike with TMS, the effect is not based on the direct triggering of action potentials, but on subthreshold polarity-dependent modulatory activity changes in the neuronal tissue, whose effect extends beyond the duration of the stimulation. The temporal and spatial resolution of tDCS is inferior to that of TMS, but tDCS has fewer side effects and is easier to use.
